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Water ﬂow quantiﬁcationTo make decisions about correcting illicit or inappropriate connections to storm drains, quantiﬁcation of non-
stormwater entries into stormdrainswas performedusing awater ﬂowbalance approach, based on data analysis
from 2008 to 2011 in a separate storm drainage system in a Shanghai downtown area of 374 ha. The study re-
vealed severe sewage connections to storm drains; meanwhile, misconnections between surface water and
storm drains were found to drive frequent non-stormwater pumping discharges at the outfall, producing a
much larger volume of outfall ﬂows in a short period. This paper presented amethodology to estimate quantities
of inappropriate sewage ﬂow, groundwater inﬁltration and river water backﬂow into the storm drains. It was
concluded that inappropriate sewage discharge and groundwater seepage into storm drainswere approximately
17,860 m3/d (i.e., up to 51% of the total sewage ﬂow in the catchment) and 3624 m3/d, respectively, and surface
water backﬂow was up to an average 28,593 m3/d. On the basis of this work, end-of-storm pipe interceptor
sewers of 0.25 m3/s (i.e., 21,600 m3/d) would be effective to tackle the problem of sewage connections and
groundwater seepage to storm drains. Under this circumstance, the follow-up non-stormwater outfall pumping
events indicate misconnections between surface water and storm drains, featuring pumping discharge equiva-
lent to surface water backﬂow; hence the misconnections should be repaired. The information provided here
is helpful in estimating the magnitude of non-stormwater ﬂow entries into storm drains and designing the
necessary pollution control activities, as well as combating city ﬂoods in storm events.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
A storm drain system is designed to prevent the accumulation and
retention of urban stormwater runoff on city surfaces and discharge
the accumulated waters into receiving waters. On dry-weather
days, however, non-stormwater discharges also ﬁnd their way
into stormwater drainage systems, contributing signiﬁcant pollut-
ant loadings to receiving waters and even resulting in severe foul
stench phenomenon (Brown et al., 2004; Jewell, 2001; Pitt et al.,
1993; Schmidt and Spencer, 1986; Zhang et al., 2008). If these. This is an open access article underloadings are ignored, adverse impact on receiving water conditions
will occur. To correct non-stormwater entries into the stormwater
drainage system raises the question of how to quantify the contri-
bution of these sources to the dry-weather outﬂows.
Since the 1990s (Field et al., 1994; Pitt et al., 1993), researchers have
used direct discharge surveys to determine the dry-weather ﬂow of
their storm drainage systems. For example, Almeida and Brito (2002)
measured ﬂow rates of stormwater systems in Costa do Estoril using
37 ﬂow meters, and analyzed those data to quantitatively distinguish
various sources. Brown et al. (2004) proposed the piecewise observa-
tion methods in rainwater pipes to isolate the illicit discharge between
two storm drains. In China, several storm drainage systems in Shanghai
were assessed from2006 to 2010, by employingﬂowmeters tomeasurethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Fig. 1. Depiction of study area. WWPS is wastewater pumping station.
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ing of the status of the storm drainage network (Li et al., 2007; Yin and
Xu, 2010). In another study in the old district of Changzhou City, Jiangsu
Province, China, researchers (Wu et al., 2010) explored the n division
stepwise source-tracing for illicit connection to storm pipes. There are
also techniques (Brown et al., 2004; Dirksen and Clemens, 2008; Hoes
et al., 2009; Jewell, 2001) such as smoke testing, visual inspection, dye
testing, video reconnaissance and ﬁber-optic distributed temperature
sensing for locating illicit connections for follow-up dry-weather ﬂow
rate measurement. However, to prioritize the drainage area in on-site
investigations, attention should also be paid to the entry-exit ﬂow bal-
ance of storm drains.
As regards ﬂow balance modeling, up to now, most studies have
been conducted to gain a better understanding of hydrological connec-
tions between groundwater aquifers and drainage network (Amick and
Burgess, 2000; Ellis et al., 2003; Karpf andKrebs, 2005, 2011; Karpf et al.,
2009; Rutsch et al., 2006, 2007, 2008). Recently, several studies of the
characteristics of overall water ﬂow balance within drainage systems
have been published. Li et al. (2008) developed an approach to quantify
non-stormwater discharges into stormwater systems using derived
equivalent pipe parameters incorporated in a mathematically mecha-
nistic pipe hydrodynamicmodel. Itsmain advantage is that it tries to de-
pict the overall water ﬂow balance process within storm drains, but it
has a drawback in that the set-up and the calibration of equivalent
pipe parameters are labor-intensive. Musolff et al. (2010) presented
an entry-exit balance approach to quantifying major water ﬂow within
sewers. It has the advantage of describing the process concisely, with
moderate input; however, the process described is not appropriate forTable 1
Statistical results of non-stormwater outfall discharges.
Status Events Wet well level at the outfall (m
Non-pumping discharge 703 2.21–2.60
Pumping discharge 331 2.60–1.00those within the storm drains receiving inappropriate dry-weather
ﬂows. It is therefore necessary to develop a method of estimation that
can be used to generate well-resolved information about ﬂows from
non-stormwater sources entering storm drains with moderate work
input as well.
The overall goal of this study is to establish a methodology to es-
timate the quantities of non-stormwater sources ﬂowing into storm
drains, by means of a water ﬂow balance approach. On this basis,
necessary pollution control activities to minimize or eliminate
dry-weather damage to the environment via the storm drains are
also discussed.
2. Materials and methods
2.1. Site description
Our study site is a catchment typical of high-density urbanized areas
(approximate 270 capital/ha) in Shanghai's downtown area, involving
three tidal rivers (the Puhuitang, Shang'aotang and Caohejing rivers)
(Fig. 1). Covering 374 ha, it is a mixed residential and industrial area,
with semiconductor industrial activities in the south-west. This area is
served by a separate sewer and storm drainage system, completed in
1986. However, non-stormwater sources also ﬁnd their way into
storm drains and discharge in an untreated state into local water-
courses, resulting in the water bodies' foul stench phenomenon on
dry-weather days. One main reason is connections within old residen-
tial areas. In this catchment, prior to 1980s, sanitary sewers hadn't
been in existence, since early storm drains preceded the development) River water level (m) Range of outfall discharge (m3/d)
2.00–2.86 19,350–22,162
2.86–3.54 10,700–59,340
Table 2
Statistical results of non-stormwater outfall discharges under pumping conditions.
Year Number of storm pump starts Maximum outfall discharge (m3/d) Average outfall discharge (m3/d)
2008 54 55,200 30,131
2009 88 59,340 29,080
2010 113 53,820 28,762
2011 56 55,890 28,103
Four years 311 59,340 28,953
383Z. Xu et al. / Science of the Total Environment 487 (2014) 381–388of sanitary sewers. Therefore sewage from old residential areas is con-
nected to early storm pipes and discharged into nearby watercourses.
However, after the construction of the separate sewage system, sewage
from these old residential areas may not be corrected at that time, and
remain connected to the storm drains. Also, intentional or accidental ac-
tivities due tomistaken identiﬁcation of sanitary sewerlines led to some
of the present problems with unauthorized entries to the storm drain-
age system.
There is one outlet for ﬂows, installed with storm pumps, in the
storm drain system. From 2008 to 2011, non-stormwater discharges
at the outlet were recorded and summarized as shown in Table 1. It
was found that under non-pumping conditions, the outfall discharge
ranged from 19,350 to 21,600 m3/d, which may be the result of poten-
tially inappropriate sewage source connections to the storm drains,
and groundwater inﬁltration into the storm drains due to the ground-
water table above the pipe invert in the study site. Once the water ele-
vation of adjacent rivers was above 2.86 m, forced pumping activities
would occur.
Attention should be particularly paid to the non-stormwater outfall
ﬂows under forced pumping conditions, as indicated by Table 2 and
Fig. 2. It was found that for each start and stop of storm pumps with
an average duration of 180 min, the pumping discharge reached
28,593 m3 on average, indicating additional sources entry into the
storm drains in some cases, with the exception of potentially inappro-
priate sewage sources.
An analysis of non-stormwater pump starts over the course of
the lunar month (Fig. 3 and Table 3) was further conducted, show-
ing that the majority (average 63%) occurred at the semi-monthly
spring tides (full and new moons), i.e. the period of 7 days before
and after the 3rd and 18th days of the lunar month for the Shanghai
tidal river catchment area. This phenomenon could be attributed to
the misconnections between rivers and storm drains, due to
malfunctions in ﬂap valves or leaky gates installed at the storm
pipes or culverts. When this phenomenon happens, the river(a) Frequency of pumping discharge for each start (
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Fig. 2. Characteristics of non-stormwater outfawater backﬂow into storm drains during tidal high water occupies
the in-line storage and eventually result in pumping events on
dry-weather days, with the wet well level higher than the level
alarm set points. Moreover, pumping activity tends to elevate
the gap between river level and wet well level, producing a much
larger volume of river water backﬂow into the storm drains of up
to 59,340 m3/d.
From the above analysis, it is concluded that the non-stormwater
discharges into the storm drains could be made up of inappropriate
sewage ﬂow, groundwater inﬁltration, and river water backﬂow. The
following describes how to establish an approach to quantify the source
ﬂows.
2.2. Water ﬂow quantiﬁcation of non-stormwater entries
A theoretical non-stormwater ﬂow balance for the separate storm
drains is given in Fig. 4. On this basis, water ﬂow quantiﬁcations of
non-stormwater entries are discussed below.
2.2.1. Dry-weather water ﬂow between the separate storm drains
The dry-weatherwater balance of the separate storm drains is based
on the following equation:
Q sewage þ Qground; storm þ Qground; sewer þ Q river
¼ Qpump; sewer þ Qnon‐pump; storm þ Qpump; storm ð1Þ
where Qsewage is the total ﬂow of sewage sources in the catchment, de-
termined from the data library of sewage sources survey;Qground, storm is
the groundwater inﬁltration into the storm drains; Qground, sewer is the
groundwater inﬁltration into the sewer lines; Qriver is the river water
backﬂow into the storm drains; Qpump, sewer is the wastewater pumped
into the wastewater treatment plant, determined from pump station
operating records; Qnon-pump, storm is a storm drain's outfall discharge
under non-pumping conditions, determined from a ﬂow meter; Qpump,b) Frequency of pumping times for each start
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Fig. 3. Number of non-stormwater pump starts over the course of lunar month.
384 Z. Xu et al. / Science of the Total Environment 487 (2014) 381–388storm is a storm drain's outfall discharge under pumping conditions,
based on the pump station operating record.
2.2.2. Quantiﬁcation of groundwater inﬁltration into the storm drains
In cases where the water elevation of rivers is not higher than the
water elevation of outfall from the wet well, river water backﬂow into
the storm drains will not occur, and pump start will thus not be driven.
Under this circumstance, Eq. (1) reduces to
Q sewage þ Qground; storm þ Qground; sewer
¼ Qpump; sewer þ Qnon‐pump; storm: ð2Þ
To estimate the quantity of groundwater seepage into storm drains,
an approach to describe groundwater inﬁltration can be employed
(Karpf and Krebs, 2011), that is,
Qground ¼ k fL ð3Þ
where kf is a comprehensive factor representing the integrative inﬁltra-
tion conductivity of a pipe and its neighboring conditions and the differ-
ence between groundwater level andwater level in thepipes, which can
be grouped by the attributes of groundwater inﬂuence and construction
year (Karpf and Krebs, 2011).
As the storm drains and sewer lines are generally constructed in the
same year, and are in the same groundwater table, it can be determined
that kf for the stormdrains and sewer lines in the catchment are approx-
imately the same. Therefore Eq. (3) becomes
Qground; storm ¼ k fLstorm ð4Þ
Qground; sewer ¼ k fLsewer ð5Þ
where Lstorm and Lsewer are the lengths of storm drains and sewer lines
respectively, which are readily available from the drainage department.
Substituting Eqs. (4) and (5) into Eq. (2) gives
Q sewage þ k f Lstorm þ Lsewerð Þ ¼ Qpump; sewer þ Qnon‐pump; storm: ð6Þ
Therefore, groundwater inﬁltration into storm drains (Qground, storm)
can be quantiﬁed. Meanwhile, groundwater inﬁltration into sewer lines
(Qground, sewer) can be ascertained for further analysis.Table 3
Percentage contribution of non-stormwater pump starts for spring high tides.
Year Number of storm pump starts Number
2008 54 42
2009 88 52
2010 113 63
2011 56 38
Four years 311 1952.2.3. Quantiﬁcation of sewage ﬂow into storm drains
By comparing the total ﬂow of sewage sources in the catchment
with sewage ﬂow entry into the sewer lines, the inappropriate entries
of sewage ﬂow into the storm drains can be quantiﬁed, that is,
Q sew; storm ¼ Q sewage−Q sew; sewer ð7Þ
where Qsew, storm is the inappropriate entry of sewage ﬂow into the
storm drains; Qsew, sewer is the sewage ﬂow entry into the sewer lines,
which can be quantiﬁed from the following equation as
Q sew; sewer ¼ Qpump; sewer−Qground; sewer: ð8Þ
With Qground, sewer from Eq. (6), Qsew, sewer can be ascertained.
Given the above, when inappropriate sewage entry and groundwa-
ter seepage are quantiﬁed, end-of-storm pipe treatment may be an op-
tion, with an adequate capacity for avoiding the existing problems,
either directly through piping connections or indirectly through inﬁltra-
tion, that is, Qnon ‐ pump, storm≈ Qsew, storm + Qground, storm.
2.2.4. Quantiﬁcation of river water backﬂow into the storm drains
In the case of water elevation of rivers higher than the water eleva-
tion of outfall wet well, surface water inﬂow into the storm drains will
occur, under which the non-stormwater ﬂow balance within the
storm drains is expressed as
Q sew; storm þ Qground; storm þ Q river ¼ Qnon‐pump; storm þ Qpump; storm: ð9Þ
Thereby river water backﬂow into the storm drains is given by
Q river ¼ Qnon‐pump; storm þ Qpump; storm−Q sew; storm−Qground; storm: ð10Þ
As discussed above, if outfall ﬂow intercepted into the end-of-pipe
sewer is approximately equal to the total ﬂows of sewage sources and
groundwater seepage into the storm drains, i.e. Qnon ‐ pump, storm ≈
Qsew, storm + Qground, storm, Eq. (10) reduces to
Q river ¼ Qpump; storm þ ΔQ ð11Þ
where ΔQ is dry-weather storage change within the storm drains.
Prior to non-stormwater pumping activities i.e. Qpump, storm = 0,
river water backﬂow into the storm drains becomes
Q river ¼ ΔQ ð12Þ
where ΔQ is given by
ΔQ ¼ Vhigh−V low ð13Þ
and where Vlow is in-line storage of the storm drains under outfall non-
pumping discharge; Vhigh is in-line storage vs. wet well high level alarm
set point to start the pump on dry-weather days at the study site.
Eq. (12) indicates that prior to storm pump start, river water back-
ﬂow enlarges dry-weather ﬂow stored in the storm drains, until the
wet well level reaches the high level alarm set point.
Once storm pumps start, river water directly ﬂoods into the storm
drains fast because of the driving force of the pumping activities; how-
ever, after the cessation of pumping activities, the wet well level risesof storm pump starts for spring high tides Percentage contribution
78%
59%
56%
68%
63%
Pump
WWTPPump
Watercourse Sewage sources (Qsewage)
Storm drains Sewerlines
Qriver
Qpump,storm
Qsew,sewer
Qnon-pump,storm Qpump,sewer
Qground,storm Qground,sewer
Qsew,storm
Fig. 4. Scheme of non-stormwater ﬂow balance for the separate storm drains.
385Z. Xu et al. / Science of the Total Environment 487 (2014) 381–388back to the initial value for a short term period. Therefore, the in-line
storage change (ΔQ) before and after the non-stormwater pumping
events is insigniﬁcant, and Eq. (11) becomes
Q river ¼ Qpump: ð14Þ
Eq. (14) indicates that under outfall pumping discharge, river water
backﬂow is about the same with pumping discharge for each start.3. Results and discussion
3.1. Field result 1: sewage ﬂow and groundwater seepage to the storm
drains
As discussed above, to quantify the inappropriate entry of sewage
ﬂow into stormdrains, information such as sewage sources in the catch-
ment, sewage pumped to the wastewater treatment plant and storm
drain outfall discharge on dry-weather days is required, as presented
below.Table 4
Observed non-stormwater outfall discharges under non-pumping conditions.
Period Duration (d) O
From Feb 02, 12:30:00 to Feb 04, 12:30:00a 2.0 4
From Feb 17, 14:45:00 to Feb 18, 14:45:00a 1.0 2
From Mar 03, 14:00:00 to Mar 04, 14:00:00a 1.0 2
From Mar 17, 13:00:00 to Mar 18, 13:00:00a 1.0 2
From Dec 23, 13:45:00 to Dec 24, 13:45:00a 1.0 2
From Jan 24, 16:30:00 to Jan 25, 16:30:00b 1.0 2
From Feb 19, 20:15:00 to Feb 20, 20:15:00b 1.0 2
From Mar 07, 15:30:00 to Mar 08, 15:30:00b 1.0 2
From Jul 17, 7:30:00 to Jul 18, 7:30:00b 1.0 2
From Dec 05, 16:15:00 to Dec 06, 16:15:00b 1.0 2
From Jan 12, 16:30:00 to Jan 13, 16:30:00c 1.0 2
From Mar 11, 14:30:00 to Mar 12, 14:30:00c 1.0 2
From July 08, 14:15:00 to July 09, 14:15:00c 1.0 2
From July 11, 05:45:00 to July 12, 05:45:00c 1.0 2
From Aug 19, 09:30:00 to Aug 20, 21:30:00c 1.5 3
From Nov 18, 14:45:00 to Nov 19, 14:45:00c 1.0 2
From Apr 13, 12:30:00 to Apr 14, 12:30:00d 1.0 2
From Apr 14, 13:30:00 to Apr 16, 01:30:00d 1.5 3
From Apr 26, 14:15:00 to Apr 29, 02:15:00d 2.5 5
From Jun 11, 14:15:00 to Jun 12, 14:15:00d 1.0 2
From Nov 21, 13:00:00 to Nov 22, 13:00:00d 1.0 2
From Dec 22, 16:30:00 to Dec 23, 16:30:00d 1.0 2
From Dec 30, 20:00:00 to Dec 31, 20:00:00d 1.0 2
Averagea–d
a 2008.
b 2009.
c 2010.
d 2011.3.1.1. Sewage source ﬂow
The information about sewage source ﬂow was sourced from the
local authority, which developed a Shanghai sewage source informa-
tion system in 2000 and kept the information up to date for some
time. The available data during the study period were the statistical
results for 2008, which showed that the annual ﬂow of all sewage
sources (i.e., Qsewage) in this downtown Shanghai catchment was
12,831,743m3 (i.e., 35,155m3/d on average). The sewage discharges
can be grouped into three categories of sources: 38 residential com-
munities accommodating more than 77,000 people contributed a
sewage discharge of approximate 13,205 m3/d; 191 administrative
units with more than 30,000 working people contributed a sewage
discharge of approximately 15,494 m3/d; ﬁve industrial enterprises
mainly conducting semiconductor manufacturing activities contrib-
uted a sewage discharge of approximately 6456 m3/d.3.1.2. Sewage pumped to the wastewater treatment plant
The sewage entry into the sewer lines is ﬂowing to a station that
pumps the wastewater from the catchment to a municipal wastewater
treatment plant east of the study area. Observed data at the station
over the four-year period indicated that annual sewage pumped to theutfall discharge (m3) Equivalent daily average outfall discharge (m3/d)
2,920 21,460
1,507 21,507
1,304 21,304
2,025 22,025
1,678 21,678
1,115 21,115
0,728 20,728
1,033 21,033
2,028 22,028
0,937 20,937
1,677 21,677
0,824 20,824
1,684 21,684
2,140 22,140
2,864 21,909
0,993 20,993
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2,802 21,868
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Fig. 5. Schematic diagram of non-stormwater discharge control with end-of-pipe interceptor sewer.
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7,688,696 m3, 7,479,148 m3 and 7,668,338 m3 respectively, showing a
ﬂuctuating trend within a small range, with a maximum relative error
of 2.7% between two successive years. This can be explained by the rel-
atively stable social and economic activities in this highly developed
catchment, which indicates that total sewage output can be approxi-
mated as stable within the study period.
3.1.3. Non-stormwater outfall discharge
Observations of non-stormwater outfall discharge in cases of a river
water level no higher than thewet well level are shown in Table 4, with
a daily average discharge of 21,484 m3/d. When the coefﬁcient of varia-
tion (COV), i.e., the ratio of the standard deviation to the average, is in-
troduced, the COV value is 0.02, indicating a smaller spread of data. The
low COV value reinforces what was previously discussed, that this high-
ly developed catchment is characterized by relatively stable social and
economic activities, with approximate steady sewage output within
the study period. In addition, it indicates that there were no additional
unauthorized sewage entries of large quantities of ﬂow to the storm
drainage system during this period, when activities did not obviously
change or expand.
On the basis of the information above, it was determined from
Eq. (2) that groundwater inﬁltration into the whole drainage network
was on average 7329 m3/d. From the existing GIS (Geographic0
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Fig. 6. In-line water storage within storm drains vs. wet well level for the study site.Information System) data, it was known that the length of separate
storm drains and sewerlines were 20,472 m and 20,925m respectively.
It was therefore deduced from Eq. (6) that groundwater inﬁltration into
the storm drains (Qground, storm) was 3624 m3/d, while groundwater
inﬁltrated into the sewer lines (Qground, sewer) was approximately
3705 m3/d. Furthermore, sewage entry into the sewerlines (Qsew, sewer)
was evaluated as on average 17,295 m3/d (Eq. (8)), and hence inappro-
priate sewage entry into the storm drains (Qsew, storm) was about
17,860m3/d (Eq. (7)), corresponding to a ratio of up to 51% of total sew-
age ﬂow in the catchment.
As mentioned above, there were 234 sewage sources in this
catchment; therefore 51% sewage ﬂow into the storm drains indi-
cated wide sewage source connections to the storm drainage
system. In this case, for the end-of-storm pipe interceptor sewers
to have the large number of sewage receiving treatment may be a
preferable and practical alternative. In fact, due to very busy trafﬁc
in this downtown area, activities of disconnecting the sewage con-
nections from the storm drains and reconnecting them to the
sewer lines one by one, is a difﬁcult task. Given the inappropriate
sewage ﬂow and groundwater seepage into the storm drains in
this catchment, the end-of-storm pipe treatment with an intercepting
capacity of 0.25 m3/s (i.e., 21,600 m3/d) would be effective to avoid
the existing non-pumping discharge problems, as illustrated in Fig. 5.Qriver = 0.104* h1/2
R² = 0.886
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Fig. 7. River water backﬂow into storm drains vs. pressure head under outfall pumping
events from 2008 to 2011.
Fig. 8. Depiction of river-storm pipe connections and the correction schemes.
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3.2.1. River water backﬂow into storm drains under outfall non-pumping
discharge
Considering the designing capacity of an end-of-pipe interceptor
sewer (i.e., 21,600 m3/d) is approximately equivalent to the quantiﬁed
daily average sewage ﬂow and groundwater seepage into the storm
drains, river water backﬂow under outfall non-pumping discharge
should be equal to dry-weather storage change within the storm drains
(Eq. (12)).
The geographic information system developed for the study site by
the authors provides the information on pipe diameter, pipe length,
pipe bottom elevation etc. (software registration Nos. 2011SR066614
and 2011SR077227 authorized by National Copyright Administration
of China), from which in-line storage capacity within the storm drains
vs. wet well level can be calculated (Fig. 6), as ﬁtted by the following
equation:
V ¼−123:84 h4−24:185 h3 þ 1801:1 h2 þ 6171:1 h
þ 7269:5 R2 ¼ 0:999
 
ð15Þ
where h is wet well level of the outfall.
From Eq. (15), it is found that under outfall non-pumping discharge,
the lowest in-line storage within the storm drains (Vlow) vs. a lowest
wet well level of 2.21 m is 26,849 m3, while the highest in-line storage
(Vhigh) is 29,406 m3, corresponding to a wet well high level alarm of
2.60 m to start the storm pumps on dry-weather days. Therefore, max-
imum river water backﬂowwas 2916m3 (Eq. (13)), basically indicating
that surface water inﬂow into the storm drains under outfall non-
pumping discharge is less apparent.
3.2.2. River water backﬂow into storm drains under outfall pumping
discharge
As discussed earlier, river water backﬂow under outfall pumping
discharge is about the same with pumping discharge for each start
(Eq. (14)). According to the statistical results for the period 2008 to
2011 (Table 2), river water backﬂow into the storm drains under
pumping events could be 28,593 m3/d on average and up to anastonishing 59,340 m3/d, differing signiﬁcantly from backwater effects
under non-pumping events.
For each pumping event, surface water inﬂow and the correspond-
ing driving force were analyzed (Fig. 7). Speciﬁcally, the driving force
is expressed as the square root of the pressure head between river
water level and wet well level Δh1/2, and is obtained by summing up
the pressure heads of all real-time data for each process i.e. Σ(Δh1/2).
Fig. 7 illustrates an acceptable goodness-of-ﬁt between river water
backﬂow and pressure head, indicating that the higher the river water
level, the larger the amount of river water backﬂow. Therefore, miscon-
nections between surface water and storm drains should be repaired.
For this catchment, prior to the completion of the separate sewer
and storm drainage system in 1986, sewage is discharged into nearby
water courses directly via old storm pipes. After the completion of the
drainage system, connections between river and storm pipes should
have been cut off. Some connections may not have been found at that
time, however, because of a lack of accurate maps of storm drain lines.
Moreover, even previously blocked connections have the potential for
surface water inﬂow, because of cracking, deterioration and spalling of
the cement mortar used for the blockage. An on-site investigation in
2011 identiﬁed misconnections between surface water and storm
drains as illustrated in Fig. 8. It was shown that of the 99 connections
ascertained, 13 connections were still directly open to the rivers. Of
the remaining 86 identiﬁed, almost half of which (41 connections)
were leaking. Therefore, it is suggested that the 13 open connections
should be cut off, and the 41 leaky connections should also be repaired.
4. Conclusions
The developedwater ﬂowbalance approach offers an opportunity to
quantify non-stormwater discharges (i.e., sewage ﬂow, groundwater
seepage, and surfacewater backﬂow) into the stormdrains, so pollution
control activities can be proposed. The main ﬁndings of the study are
summarized as follows.
Because of large in-line storage of storm drains, sewage ﬂow and
groundwater seepage into storm drains generally should not drive the
pump starts, which can discharge out of the storm drains via gravity
ﬂow. Therefore, groundwater seepage and inappropriate sewage ﬂow
into the storm drains can be quantiﬁed with available catchment
388 Z. Xu et al. / Science of the Total Environment 487 (2014) 381–388sewage sources data and outfall non-pumping discharge underwetwell
level higher than the river water level. Under this circumstance, end-of-
storm pipe interceptor sewers would be an effective pollution control
activity, especially in the case of wide sewage source connections to
the storm drainage system.
If frequent non-stormwater pumping activities still occur after ade-
quate end-of-pipe treatment, it indicates misconnections between sur-
face water and storm pipes, under which surface water backﬂow into
the storm drains will be equal to non-stormwater outfall pumping dis-
charge. The higher the river water level, the larger the amount of river
water backﬂow. Rehabilitation activities to cut off river water backﬂow
should be implemented to minimize such damage to the environment,
as well as enhance the efﬁciency of storm drains in combating ﬂoods in
storm events.
Acknowledgments
This work was supported by China's Major S&T Project on Water
Pollution Control and Treatment (Grant No. 2013ZX07304-002), and
Fundamental Research Funds for the Central Universities. The support
of the Shanghai Municipal Sewage Company Ltd. and the Municipality
& Water Affairs Ofﬁce of Xuhui District, Shanghai is also gratefully
acknowledged.
References
AlmeidaMC, Brito RS. Systemdiagnostics using ﬂow data: quantifying sources and oppor-
tunities for performance improvement. Proceedings of the 9th International Confer-
ence on Urban Drainage; 2002 Sep 9–13. Portland, OR, USA: ASCE; 2002.
Amick RS, Burgess E. Cincinnati (OR): U.S. Environmental Protection Agency, National
Risk Management Laboratory; 2000 [Mar. Report No.: EPA/600/SR-01/034].
Brown E, Caraco D, Pitt R. Illicit discharge detection and elimination: a guidance manual
for program development and technical assessments.Washington, D.C.: U.S. Environ-
mental Protection Agency, Ofﬁce of Water and Wastewater; Oct. 2004 [Cooperative
Agreement No.: X-82907801-0].
Dirksen J, Clemens FHLR. Probabilistic modeling of sewer deterioration using inspection
data. Water Sci Technol 2008;57:1635–41.Ellis JB, Revitt DM, Lister P, Willgress C, Buckley A. Experimental studies of sewer
exﬁltration. Water Sci Technol 2003;47:61–7.
Field R, Pitt R, Lalor M, Brown M, Vilkelis W, Phackston E. Investigation of dry weather
pollutant entries into storm drainage systems. J Environ Eng 1994;120:1044–66.
Hoes OAC, Schilperoort RPS, LuxemburgWMJ, Clemens FHLR, van de Giesen NC. Locating
illicit connections in storm water sewers using ﬁber-optic distributed temperature
sensing. Water Res 2009;43:5187–97.
Jewell C. A systematic methodology for the identiﬁcation and remediation of illegal
connections. 2001 a collections systems odyssey: integrating O&M and wet weather
solutions, 2. Proceedings of the Water Environment Federation; 2001. p. 669–83.
Karpf C, Krebs P. Application of a leakage model to assess exﬁltration from sewers. Water
Sci Technol 2005;52:225–31.
Karpf C, Krebs P. Quantiﬁcation of ground water inﬁltration and surface water inﬂows in
urban sewer networks based on a multiple model approach. Water Res 2011;45:
3129–36.
Karpf C, Traenckner J, Krebs P. Hydraulic modelling of sewage exﬁltration. Water Sci
Technol 2009;59:1559–65.
Li T, Li YC, Li H, Zhu MQ, Wang RCDiagnostic study of rainwater systems based on ﬂow
survey, 23. China Water and Wastewater; 2007. p. 1–5. [China]: periodical ofﬁce of
China Water and Wastewater.
Li T, Zhou YC, Li H. Quantifying non-stormwater discharges to stormwater systems with
model analysis. J Environ Eng 2008;134:928–32.
Musolff A, Leschik S, Reinstorf F, Strauch G, SchirmerM.Micropollutant loads in the urban
water cycle. Environ Sci Tech 2010;44:4877–83.
Pitt R, Labor M, Field R, Adrian DD, Barbe DInvestigation of inappropriate pollutant entries
into storm drainage systems: a user's guide. Cincinnati (OR): U.S. Environmental Pro-
tection Agency, Risk Reduction Engineering Laboratory; Jan. 1993. [Report No.: EPA/
600/R-92/238].
Rutsch M, Rieckermann J, Krebs P. Quantiﬁcation of sewer leakage: a review. Water Sci
Technol 2006;54:135–44.
Rutsch M, Franz T, Krebs P. Transferability of exﬁltration rates from sewer systems. J Soils
Sediments 2007;7:69–74.
Rutsch M, Rieckermann J, Cullmann J, Ellis JB, Vollertsen J, Krebs P. Towards a better
understanding of sewer exﬁltration. Water Res 2008;42:2385–94.
Schmidt SD, Spencer DR. The magnitude of improper waste discharges in an urban storm
water system. J Water Pollut Control Fed 1986;58:744–8.
WuWJ, Guan YT, Chen B, Liu XPreliminary study on diagnostic techniques for drain-
age system performance in old towns, 26. China Water and Wastewater; 2010.
p. 59–63. [68, China]: periodical ofﬁce of China Water and Wastewater.
Yin HL, Xu ZX. Transitional gravity ﬂow of sewers inappropriate entry into storm drain-
age. J Hydrodyn 2010;22(Suppl.):644–9.
Zhang HQ, Yin HL, Jin W, Xu CLInvestigative technology study of non-storm water
entries into separate storm drainage system, 24. China Water and Wastewater;
2008. p. 95–8. [China]: periodical ofﬁce of China Water and Wastewater.
